by orders of magnitude 1 , are intriguing phenomena that underlie many long-standing physics problems such as unconventional superconductivity 2 and colossal magnetoresistance 3 . The same process is also important for modern semiconductor devices, in which the conductivity is controlled by either chemical doping or electrostatic field effect 4 . Using ionic liquids [5] [6] [7] or gels [8] [9] [10] [11] as the gate dielectrics, the electric doublelayer transistors (EDLTs) developed in the past few years have demonstrated the ability to modulate the sheet carrier density up to a level much higher than that achieved in conventional metal-oxide-semiconductor field-effect transistors (MOSFETs) [5] [6] [7] [8] [9] [10] [11] [12] . Such unprecedented tunability of electron concentration represents a paradigm shift in condensed matter physics research since many carrier-mediated processes, previously only accessible through chemical substitution, can now be studied in the FET configuration with better controllability and less disorder effect 13, 14 . To date, the EDLT interface is usually buried underneath a large droplet of ionic liquid/gel and thus cannot be directly studied by surface-sensitive electrical probes such as conductive atomic-force microscope (C-AFM) or scanning tunneling microscope (STM) 34 . In recent years, a number of local probes, including scanning Kelvin probe microscopy (SKPM) 35 , electrostatic force microscopy (EFM) 36 , scanning charge modulation microscopy (SCMM) 37 , and Raman microscopy 38 , have been utilized to image the FETs in a noncontact manner. These techniques, however, only provide indirect rather than direct information on the nanoscale conductance evolution. A new approach capable of spatially resolving the sub-surface electrical conductivity is therefore highly desirable to advance our knowledge on the electrostatic control of novel materials.
In this Letter, we report the first real-space electrical imaging of the channel conductance in an oxide EDLT by combining the cryogenic microwave impedance microscopy (MIM, see Supporting Information S1) [39] [40] [41] [42] and electrolytic gating with ultrathin ionic gels (thickness < 50 nm), as schematically illustrated in Fig. 1(a) . The MIM is a powerful tool to detect the local permittivity and conductivity with a spatial resolution determined by the tip diameter (~100 nm) rather than the electromagnetic wavelength 43 .
Thanks to the long-range tip-sample coupling 44 , the MIM is capable of performing subsurface imaging in the presence of a thin dielectric capping layer 41 , which is ideal for measuring the ion-gel capped EDLT devices. We have observed the systematic evolution of local channel conductance during the insulator-to-metal transition induced by electrolytic gating. The uneven channel conductance in the presence of a large sourcedrain bias can also be imaged by MIM and the results are further corroborated by transport measurements and numerical simulations.
As a prototypical semiconducting oxide extensively studied in the EDLT configuration 6, 12, 45, 46 , ZnO was used as the material platform in our experiment. The EDLT channel was defined by a pair of T-shaped Au electrodes for easy comparison between macroscopic transport and microscopic imaging, as shown in the scanning electron micrograph (SEM) in the inset of Fig. 1(b) . The side metal gate was deposited on a thin layer of Al2O3 as the insulating spacer, which covered half of the ZnO surface.
Details of the device fabrication and ionic gels are described in the Methods section. Fig.   1 (b) shows the typical transfer characteristics of ion-gel-gated EDLTs with a source-drain bias VDS = 10 mV. The measurements were performed at 230 K, which is higher than the glass transition temperature (Tg ~ 180 K) 12 to allow ionic motion but is low enough to avoid large leakage and irreversible electrochemical effects 46 . The gate dependence of the source-drain current (IDS) clearly indicates that the EDLT can be turned on beyond a threshold voltage Vth ~ 1.5 V with a negligible gate leakage current (IG) below 2 nA.
Note that we have studied samples with other contact configurations and the results were qualitatively the same (Supporting Information S2).
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higher than that of the bulk ionic liquids/gels. Assuming a capacitance per unit area on the order of 10 µF/cm 2 , as in previously reported ZnO EDLTs 12 , the effective electricdouble-layer capacitance CEDL of this millimeter-sized device is about 10 -6 F. As a result, the time constant (τ = RIG ⋅ CEDL = 10 3 ~ 10 4 sec) of this ion-gel-gated EDLT is very long, i.e., it typically took several hours or even longer for IDS to reach the true equilibrium state, which was indeed observed in the time dependence of IDS in Fig. 1(c) .
Such a slow charging process owing to the small thickness of the gel layer has a direct consequence on our imaging experiment. For systems with a short response time, one usually measures the properties under equilibrium by varying the external VG, which is difficult to realize here. Alternatively, taking advantages of the slow relaxation in our ion-gel-gated device, we may freeze the ionic motion at intermediate states by cooling the device below Tg of the gel, and study the corresponding microscopic distribution of local conductance in the EDLT channel. In our experiment, a VG of 2 V was applied at 230 K for various periods of waiting time until the desired IDS was reached. The sample was then cooled down for T-dependent measurements, as plotted in Fig. 2(a) .
For each transport curve in Fig. 2 . To obtain a quantitative understanding of the MIM images, we first present the finiteelement analysis (FEA) 44 of the tip-sample interaction (Supporting Information S4), which converts the MIM-Im signals to the 2D sheet conductance σ2D. Note that due to the generally non-negligible contact resistance and the specific source/drain geometry, one cannot directly calculate σ2D from the two-terminal conductance GDS measured by transport. In the following analysis, we only use GDS for an order-of-magnitude estimate when comparing with the σ2D maps. When the EDLT interface is insulating, the quasistatic microwave electric fields can spread into the bulk of ZnO. On the other hand, a highly conductive EDLT interface can effectively screen the microwave electric fields, which are then terminated at the ZnO surface. Consequently, the tip-sample capacitance, which is proportional to the MIM-Im signal, depends strongly on σ2D. As plotted in Fig. 2(c), the MIM-Im signal remains low for small σ2D, increases monotonically with increasing σ2D between 0.01 and 100 µS ⋅ sq, and saturates for σ2D above 100 µS ⋅ sq.
Of particular interest in Fig vividly manifested by the MIM data. As GDS at 100 K increased from 0 to 1.5 µS, the light blue regions in the false-colored map (σ2D ~ 1 µS ⋅ sq) with higher MIM signals than the initial insulating state (dark blue, σ2D < 0.1 µS ⋅ sq) appeared around the source/drain contacts and propagated toward the center of the channel. For GDS = 3.4 µS, the highly conductive areas (orange to red, σ2D ~ 10 µS ⋅ sq) originated from the two electrodes started to merge. At the highest GDS of 10 µS in our experiment, the ZnO became highly conductive with σ2D > 10 µS ⋅ sq everywhere inside the channel. We emphasize that, while the same process is ubiquitous in FETs, it is a rare occasion that the evolution can be imaged by scanning probe experiments, which provide not only strong support on the effectiveness of the ion-gel gating but also the real-space information of field-induced MITs.
Evidence of the spatially inhomogeneous channel conductance has also been observed in our MIM experiment. As discussed before, the MIM-Im signals saturate for σ2D < 10 -8 S ⋅ sq (insulating limit) and σ2D > 10 -4 S ⋅ sq (conducting limit). Therefore, the image acquired at GDS = 6.7 µS again shows spatially uniform signals except for the same surface particles described before. Further experiments are needed to elucidate the origin and evolution of these non-uniform states. Nevertheless, the ability of resolving electrical inhomogeneity during the MITs will be particularly useful for the study of strongly correlated systems with nanoscale phase separation 30 .
In order to further demonstrate the MIM imaging on EDLTs, we studied the local conductance profile under two different VDS's applied across the channel. For a small VDS of 10 mV in Fig. 4(a) , both the ions and induced electrons were evenly distributed in the channel, which agreed well with the MIM conductance map in Fig. 4 
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Email: kejilai@physics.utexas.edu The MIM images labeled by the transport GDS at 100 K are reproduced here in Fig.   S3 (a), clearly showing the spatial evolution of metal-insulator transition as increasing channel conductance. We have also included a number of line scans through the center of the source electrodes in Fig. S3(b) . Note that the MIM signal has a long tail when the ZnO is insulating, as the E-field decays slowly without screening from mobile charges.
The effect is weaker in the crossover and conductive regions. The tip-sample interaction can be modeled using the commercial FEA software The thickness of the ZnO surface inversion layer is assumed to be d = 5 nm and the 2D sheet conductance σ2D = σ3D ⋅ d, where σ3D is the 3D conductivity.
The real (MIM-Re) and imaginary (MIM-Im) parts of the effective tip admittance, which are directly proportional to the MIM signals, are shown in Fig. S4(a) . The results can be qualitatively understood by the lumped-element circuit in the inset [S1] . Note that this equivalent circuit seen by the tip is for the 1 GHz microwave excitation, which is totally different from the DC effective circuit in the inset of Fig. 1(c) . When the gel-ZnO interface is insulating, the resistance at the ZnO surface rZnO is very large and the tip is loaded by two geometric capacitors (cgel and cZnO) in series. When the gel-ZnO interface is highly conducting, the small rZnO effectively shunts cZnO. In between these two limits, the MIM-Im signal increases monotonically as increasing σ2D and the MIM-Re signal reaches a peak around σ2D = 1 µS ⋅ sq. For simplicity, only the MIM-Im component is Fig . S5 shows the results of the self-consistent Poisson-Schrodinger simulation using a non-uniform-meshed method described in Ref. [S4] . The mesh is denser close to the interface to enhance accuracy and efficiency. In order to simulate the experiment in a range of temperatures, Fermi-Dirac distribution is also incorporated, so that thermally excited electrons in sub-bands with energy higher than the Fermi level are also taken into account. The effective mass is adapted from Ref. [S5] and the dielectric constant used is from Ref. [S2] . The solving range in depth is from 0 to 100 nm to ensure wide enough space for realistic solutions. We assume in the simulation a uniform electron doping at the level of 1 × 10 16 cm -3 in the whole sample.
Based on the effective 2D density n2D as a function of surface band bending (SBB), we can perform self-consistent modeling to obtain the conductance distribution in Fig. 5(d) . Here we assume a much larger gate area than the channel region such that VG drops mostly on the gelZnO interface. In addition, the mobility of ZnO (100 cm 2 /V⋅s) [S6] , is assumed to be independent of the electron density. The conductance distribution affects the potential drop inside the channel, which results in different SBB at each point. The calculation runs iteratively until the change of potential distribution is less than 0.01 V.
